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The behavior of the natural microflora of Mediterannean gilt-head seabream (Sparus aurata) was monitored
during aerobic storage at different isothermal conditions from 0 to 15°C. The growth data of pseudomonads,
established as the specific spoilage organisms of aerobically stored gilt-head seabream, combined with data
from previously published experiments, were used to model the effect of temperature on pseudomonad growth
using a Belehradek type model. The nominal minimum temperature parameters of the Belehradek model
(Tmin) for the maximum specific growth rate (mmax) and the lag phase (tLag) were determined to be 211.8 and
212.8°C, respectively. The applicability of the model in predicting pseudomonad growth on fish at fluctuating
temperatures was evaluated by comparing predictions with observed growth in experiments under dynamic
conditions. Temperature scenarios designed in the laboratory and simulation of real temperature profiles
observed in the fish chill chain were used. Bias and accuracy factors were used as comparison indices and
ranged from 0.91 to 1.17 and from 1.11 to 1.17, respectively. The average percent difference between shelf life
predicted based on pseudomonad growth and shelf life experimentally determined by sensory analysis for all
temperature profiles tested was 5.8%, indicating that the model is able to predict accurately fish quality in
real-world conditions.

Fresh fish are among the most perishable food products, and
the monitoring and controlling of fish quality is one of the main
goals in the fish industry. Fish shelf life is influenced by a
number of factors, such as initial microbiological quality, sea-
son, handling, and feeding (17, 37, 40, 41) and consequently
can vary significantly from batch to batch. The limited and
variable shelf lives of fish are major problems for fish quality
assurance. This is the reason for the extensive research which
has been carried out in the last few decades on the develop-
ment of direct product methods (microbial, sensory, and bio-
chemical) for the evaluation of fish spoilage (14, 15, 16). Nev-
ertheless, several problems are related to the use of these
methods mainly due to time and sensitivity limitations. An
alternative to direct product testing is predictive microbiology.
Predictions of food quality can improve significantly distribu-
tion and marketing, especially for chilled foods such as fish
(28).

Application of mathematical modeling for shelf life predic-
tion requires sufficient knowledge of the product spoilage
mechanisms (20). In the case of fish and fish products, spoilage
is caused by a fraction of the total fish microflora, the specific
spoilage organisms (SSO) (16). Since temperature is one of the
most important factors influencing microbial growth, modeling
the growth of the SSO as a function of temperature is essential
in shelf life prediction. Although a large number of models for
the prediction of growth of spoilage organisms at various tem-
peratures have been developed, the majority of these studies
have been carried out under constant conditions (5, 26, 32, 47).
However, unlike other factors affecting microbial growth (e.g.,

pH and water activity), temperature may vary extensively
throughout the complete production and distribution chain. In
practice, foods are frequently exposed to significant tempera-
ture fluctuations during transportation and storage before de-
livery to the consumer.

Several studies have been published predicting microbial
growth at fluctuating temperatures (2, 12, 24, 42, 48). The aim
of these studies was to test whether growth under nonisother-
mal conditions can be predicted from models based on growth
data obtained isothermally. Zwietering et al. (48), after testing
several hypotheses about the growth of Lactobacillus planta-
rum at changing temperatures, concluded that the bacteria are
exposed to stress by a shift in temperature in the lag phase as
well as in exponential phase. These authors also observed that
temperature changes around the minimum of growth showed
very large deviations from the model. The latter finding was
also reported for the growth of Brochothrix thermosphacta in
changing temperature conditions in a study where the dynamic
model of Baranyi et al. (2) failed to predict growth accurately
when the temperature profile contained step changes from a
higher temperature of 17 to 25°C down to 3°C. The inability of
the models to predict microbial growth after a shift to low
temperature could be a significant problem in predicting the
shelf life of foods since similar temperature fluctuations often
occur during the chilled food chain. It needs to be noted,
however, that both of these studies were conducted in liquid
media under laboratory conditions. It has been shown that
factors such as the preincubation temperature of the bacterial
culture, as well as the structure and composition of the growth
medium may play an important role on the bacterial behavior
after a shift to low temperature (10, 13, 30, 45). Thus, studies
with naturally contaminated actual foods would lead to the
accumulation of more reliable information about microbial
growth at fluctuating temperature.
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The objectives of the present study were first of all to present
a mathematical model for the effect of temperature on the
growth of the SSO, i.e., pseudomonads, of aerobically stored
gilt-head seabream. The data on pseudomonad growth from 23
experiments with gilt-head seabream stored at different iso-
thermal conditions were collected and modeled as a function
of temperature using a Belehradek type model. Second, we
sought to evaluate the ability of the model to predict microbial
growth at nonisothermal conditions. Gilt-head seabream was
stored aerobically at dynamic temperature profiles designed in
the laboratory or simulated real temperature profiles derived
from field tests within the fish chill chain. Finally, the observed
pseudomonad growth was compared to the model prediction
using the indices of bias and accuracy factors to illustrate the
validity of the model in predicting the shelf life of gilt-head
seabream under conditions of varying temperature. The shelf
life of fish derived from sensory analysis for each dynamic
profile tested was compared to the shelf life estimated based
on pseudomonad growth predicted by the model.

MATERIALS AND METHODS

Studies at constant temperature conditions. Gilt-head Seabream (Sparus au-
rata), a Mediterannean fish of high consumption and commercial interest in
Greece was studied. Eleven replicated storage experiments were carried out with
ungutted fresh gilt-head seabream. Fish were bought from the Nireus Aquacul-
tured Industry in Athens within 6 to 12 h after catch and then transported in ice,
within 30 min, to the laboratory. The fish were then stored under controlled
isothermal conditions (from 0 to 15°C) in high-precision low-temperature incu-
bators (MIR Sanyo). Samples were taken at appropriate time intervals to allow
for an efficient kinetic analysis of sensory quality and microbial growth.

Studies under dynamic temperature conditions. Five replicated storage ex-
periments were carried out with ungutted fresh gilt-head seabream stored under
dynamic temperature conditions. Four different temperature scenarios designed
in the laboratory and one temperature profile derived from a field test within the
real fish chilled chain were used. The field test was carried out in cooperation
with a fish industry in Athens, and the temperature of the fish during a common
distribution and storage procedure was recorded using temperature data loggers
(Diligence Data Logger; Comark, Ltd.). The temperature profile derived from
the data loggers was then simulated in the laboratory. All of the dynamic tem-
perature experiments were carried out using the appropriate temperature pro-
gram in high-precision low-temperature incubators.

Sample preparation. A 25-g portion from the dorsal half of the fish was
transferred to a stomacher bag (Seward Medical, London, United Kingdom); 225
ml of 0.1% peptone water with salt (NaCl, 0.85% [wt/vol]) was added, and the
mixture was homogenized for 60 s with a stomacher (Lab Blender 400; Seward).

Microbiological media and enumeration. Samples (0.1 ml) of serial dilutions
of fish homogenates were spread on the surface of the appropriate media in Petri
dishes for enumeration of the pseudomonads on cetrimide fusidin cephaloridine
agar (Oxoid code CM 559, supplemented with SR103) and incubated at 20°C for
2 days (29).

Three replicates of at least three appropriate dilutions (1) were enumerated.
All plates were examined visually for typical colony types and morphological
characteristics. In addition, the selectivity of the medium was checked routinely
by Gram staining and microscopic examination of smears prepared from ran-
domly selected colonies.

Sensory evaluation of shelf life. Whole fish was evaluated by a trained sensory
panel of five to eight judges who were asked to evaluate the odor of raw fish and
the taste and odor of cooked fish. Fish were scaled, gutted, and gilled before
cooking. Fish were cooked whole, individually wrapped tightly in aluminum foil,
at 180°C for 30 min. An adaptation of a simple three-point scoring system (7, 43)
was used. Taste and odor was judged and recorded in appropriate forms with
descriptive terms reflecting the organoleptic evolution of quality deterioration. A
rating was assigned on a continuous hedonic scale of from 0 to 3 (with “0” being
the highest-quality score and “2” being the limit of acceptance).

Data analysis. The growth data from the enumeration of pseudomonads on
gilt-head seabream were modeled as a function of time using the log-transformed
form of the four-parameter logistic model (equation 1) (6). The calculated

parameters allow estimates of the maximum specific growth rate (mmax) and the
lag phase (tLag).

log N~t! 5 log HNmin 1
Nmax 2 Nmin

1 1 exp@ 2 mmax z ~t 2 ti!#
J (1)

In equation 1, t is the time (in hours), N(t) is the number of microorganisms at
time t (CFU/gram), Nmin and Nmax are the minimum and maximum asymptotic
cell concentration (CFU/gram), mmax is the maximum specific growth rate (per
hour), and ti is the time (in hours) when half of the maximum cell concentration
is reached. The duration of the lag phase (tLag) was calculated as described by
Dalgaard (6).

The obtained estimates of pseudomonads mmax (h21) and tLag (h) derived from
the present study, together with those reported by Koutsoumanis and Nychas
(20), were further expressed as a function of temperature by modeling their
temperature dependence using a Belehradek-type equation (36):

Îmmax 5 bm z ~T 2 Tminm
! (2)

Î 1
tLag

5 bL z ~T 2 TminL! (3)

where T is the temperature (in degrees Centigrade), b is a constant, and Tmin is
the nominal minimum temperature for growth estimated by extrapolation of the
regression line to =mmax 5 0.

Joint confidence regions of the Belehradek model parameters were estimated
using Systat version 8.0 software (SPSS, Inc., Chicago, Ill.). Confidence internals
of the regression lines of equations 2 and 3 were calculated based on the
parameters’ joint confidence regions (46).

All data were fitted by using nonlinear regression with the FigP version 2.5
software (Biosoft Software, Cambridge, England).

Comparison between observed and predicted growth. The comparison be-
tween observed and predicted growth of pseudomonads on gilt-head seabream
stored under dynamic temperature conditions was based on the bias and accu-
racy factors (39). The time to each observed pseudomonad count was compared
to the time predicted to reach the same cell density as that observed. Accuracy
and bias factors provide an indication of the average deviation between the
model predictions and the observed results (39), and their closeness to a value of
1 is an effective and practical measure of predictive model validity. Bias and
accuracy factors are defined as follows:

bias factor 5 10
¥ log~tpredicted/tobserved!

n (4)

accuracy factor 5 10
¥ ulog~tpredicted/tobserved!u

n (5)

where tobserved (in hours) is the time to each observed pseudomonad count
experimentally observed, tpredicted (in hours) is the time predicted to reach the
same cell density as that observed, and n is the number of observations.

RESULTS AND DISCUSSION

Experiments at constant temperature conditions. Pseudo-
monads have been established as the SSO of Mediterranean
gilt-head seabream (Sparus aurata) stored under aerobic con-
ditions at a temperature range from 0 to 15°C (20, 21, 22). In
the present study, growth data from 23 experiments with aer-
obically stored gilt-head seabream under different isothermal
conditions were collected, and the logistic function was used in
order to calculate the kinetic parameters lag time (tLag), max-
imum growth rate (mmax), and maximum cell concentration
(Nmax) of the pseudomonads (Table 1). The growth of pseudo-
monads, along with the fitted logistic curves, at five represen-
tative constant temperatures is shown in Fig. 1. Unlike tLag and
mmax, Nmax was not affected significantly by the storage tem-
perature, and it was found to be in the range of 8.4 6 0.7 log
CFU/g (average 6 the standard deviation) (Table 1). At all
temperatures tested, changes in the sensory characteristics of
the fish followed closely the pseudomonad growth, and the end
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of shelf life was observed when pseudomonads reached an
average value of 107 CFU/g (Table 1). Similar results have
reported in other studies with gilt-head seabream (20, 22), as
well as with other Mediterranean fish species (21, 43).

Further, the kinetic parameters of pseudomonad growth was
modeled as a function of temperature using the Belehradek-
type model (Fig. 2). The parameters and statistics of the model
for tLag and mmax are shown in Table 2. Joint confidence inter-
vals of the model parameters for each case were also deter-
mined (Fig. 3). The Tmin parameters of the Belehradek models
for tLag and mmax were found to be 212.8 and 211.8°C, re-
spectively. These Tmin values are significantly lower than those
found in other studies related to the effect of temperature on
pseudomonad growth (32, 35). Possible reasons for this differ-
ence include the different strains tested as well as differ-
ences in the experimental conditions, such as the bacterial
origin (endogenous versus pure cultures) and the structure and
composition of the growth medium (real food versus labora-

tory medium). In other studies with real foods, the theoretical
minimum temperature (Tmin) of endogenous pseudomonad
growth was reported to be at levels similar to these found in the
present work (44).

The results from the experiments done under constant tem-
perature conditions showed that the Belerhadek-type model
can describe successfully the effect of temperature on pseudo-
monad growth within a range from 0 to 15°C. The models de-
rived from this part of the study were further used for the
prediction of gilt-head seabream shelf life under nonisother-
mal conditions.

Prediction of lag time at dynamic temperature conditions.
As can be seen from Table 1, the growth of pseudomonads on
gilt-head seabream is characterized by a relatively significant
lag phase that ranged from 7 to 40 h depending on the storage
temperature. Considering that these lag values are approxi-
mately one-fifth of the total shelf life of the fish (Table 1),
accurate predictions of lag time are crucial in shelf life mod-

FIG. 1. Growth data and fitted logistic curves of pseudomonads on gilt-head seabream stored aerobically at 0 (■), 2 (F), 5 (Œ), 8 (w), 10 (Ø),
and 15 (}) °C.

TABLE 1. Kinetic parameters of Pseudomonas spp. and the shelf life of gilt-head seabream stored aerobically
under different isothermal conditions

Temp T
(°C)

Kinetic parametera

n N0 (log CFU/g)b Nmax (log CFU/g)c mmax (h21)c Lag time (h)c Shelf life (h)b Ns (log CFU/g)c

0 7 (3) 2.10–4.55 8.49 6 0.72 0.054 6 0.002 37.2 6 5.9 145–255 7.24 6 0.13
2 1 3.01 8.05 0.064 30.8 186 7.26
3 1 (1) 4.55 9.18 0.070 30.3 100 6.68
5 3 (2) 2.03–3.25 8.03 6 0.25 0.103 6 0.007 19.9 6 2.8 98–152 7.22 6 0.10
7 1 3.00 8.07 0.130 12.5 87 7.16
8 3 (1) 3.04–4.50 8.05 6 0.08 0.137 6 0.008 13.0 6 2.5 49–71 6.74 6 0.30

10 2 (2) 3.86–4.00 7.94 6 0.09 0.191 6 0.009 11.8 6 1.2 45–51 6.88 6 0.37
15 5 (3) 2.95–4.25 8.71 6 0.54 0.269 6 0.026 8.10 6 0.6 25–45 6.71 6 0.39

a n, number of experiments (the numbers in parentheses correspond to experiments previously reported by Koutsoumanis and Nychas [20] and used as part of the
total database); N0, initial population; Nmax, maximum population (log10 CFU/g); mmax, maximum specific growth rate; Ns, population at the time of organoleptical
rejection as estimated from the logistic equation by setting time equal to shelf life.

b Ranges (minimum to maximum) are given where applicable.
c Values are means (6 the standard deviation where applicable).
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eling. In predicting lag time at changing temperatures, a better
understanding of its determinant would be of great impor-
tance.

In biological terms, lag represents a transition period during
which cells adjust to their new environment (34, 38). Conse-
quently, unlike the maximum growth rate, the lag time not only
depends on current growth conditions but also on previous
ones. A theoretical expression of lag time could be the ratio
between the amount of work (Wn) that a cell needs to do to
adapt to its new environment and the rate (R) at which it is
able to do that work (equation 6) (38).

tLag 5
Wn

R (6)

The work needed (Wn) can be any biosynthetic or homeostatic
process that the cell needs to do after its transition from en-
vironment E1 to environment E2. In the case of pseudomonad
growth on gilt-head seabream, E1 corresponds to the live fish,
for which the pH is almost neutral (27, 31), while E2 corre-
sponds to the fish after death, for which the pH is close to 6.0
(9, 19). This difference in the muscle pH is due to the signifi-
cant amount of lactic acid (19, 21) produced during the rigor
mortis period. Since lipophilic acids such as lactic acid are able
to diffuse through the cell plasma membrane (42), the proton
pumping, by membrane-bound H1-ATPase (23), could be the
work that pseudomonads need to do to raise their internal pH
and adapt to a fish muscle with increased lactic acid concen-
tration. Based on evidence suggesting that to enter the expo-
nential growth phase the internal pH must be raised above a
threshold value (18), the latter work could be the reason for
the lag phase of pseudomonads observed in the present study.
This theory can be supported by the fact that in fish from the
North Atlantic, in which the pH after rigor mortis is higher
than 6.7 and no significant amount of lactic acid have been
determined, bacterial growth does not show significant lag
phases (4).

It has been demonstrated that the rate (R) in equation 6 is

equivalent to the maximum growth rate (8, 38). Assuming this,
and for a constant difference between E1 and E2 (as in the case
of gilt-head seabream), we would expect plots of lag versus
1/mmax to yield a straight line that passes from the point (0,0).
Indeed, a linear relation between lag time and the 1/mmax of
pseudomonad growth on gilt-head seabream with a constant
parameter very close to zero (20.09) was obtained in the
present study (Fig. 4). The slope of the regression line in Fig.
3 is related to the Wn, and it is analogous to the parameter of
Baranyi and Roberts (3) model referring to the initial physio-
logical state of the cells.

Equation 6 could be used as a base for the prediction of the
lag phase at nonisothermal conditions. It needs to be stressed
that any temperature changes during the lag phase affect only
the rate (R) and not the work needed (Wn) (38). If we take the
time of transition from E1 to E2 as time zero, the “work ac-
complished” by the cell accumulates with time, at a rate which
depends on the storage temperature. The lag time can be cal-
culated as the time required for the “work accomplished” to
reach Wn. A theoretical graphical representation of this theory
is shown in Fig. 4. According to the this approach, the lag time
at fluctuating temperature can be calculated as follows:

FIG. 2. Belehradek plots for the effect of temperature on mmax (a) and lag phase (b) of pseudomonad growth on aerobically stored gilt-head
seabream.

TABLE 2. Parameters and statistics of Belerhadek plots (equations
2 and 3) for the maximum specific growth rate (mmax) and

the lag phase of Pseudomonas spp. grown on
aerobically stored gilt-head seabream

Equation and
parameter Value

95% CIa

r2

Lower Upper

Equation 2
bm 0.0193 0.0181 0.0205 0.982Tminm

211.80 212.96 210.64

Equation 3
bL 0.0128 0.0116 0.0140 0.960TminL

212.81 214.65 210.95

a 95% CI, 95% confidence interval.
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0

tLag

dW 5 Wn3

E
0

tLag

R@T~t!#dt 5 WnO¡

equation 6

E
0

tLag 1
L@T~t!# dt 5 1O¡

equation 3

E
0

tLag

@T~t! 2 TminL#
2 dt 5

1
bL

2 (7)

where t is the time, R is the rate of “work accomplished” for an
assumed constant temperature time interval dt, L is the lag
time corresponding to the temperature of this interval, tLag is

the total lag time, T is the temperature, and TminL and bL are
the Belehradek model parameters of lag time (equation 3).
Predictions of lag time under nonisothermal conditions based
on the mathematical concept of equation 7 have been previ-
ously reported for other microorganisms (12, 24)

Prediction of growth under dynamic temperature condi-
tions. Since temperature changes in a production and distri-
bution chain are usually random and thus no mathematical
expression can be used to describe the time-temperature vari-
ation, an accepted approach to predict microbial growth is to
divide the time-temperature history into short assumed con-
stant temperature time intervals (11). Microbial growth can
then be simulated using one of the available sigmoid functions.
In the present study, the growth of pseudomonads on gilt-head
seabream at fluctuating temperatures was predicted using the
logistic equation as follows:

For t # tLag, log~Nt! 5 log~No!

FIG. 3. Joint confidence intervals of the Belehradek model parameters for mmax (a) and lag phase (b) of pseudomonad growth on aerobically
stored gilt-head seabream.

FIG. 4. Linear regression between mmax and the lag phase of pseudomonad growth on gilt-head seabream stored under various isothermal
conditions.
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For t 5 tLag 1 dt1,

log~Nt1! 5 log3N0 1
Nmax

1 1 SNmax

N0
2 1D z exp~ 2 m1 z dt1!4

For t 5 tLag 1 dt1 1 dt2,

log~Nt2! 5 log3Nt1 1
Nmax

1 1 SNmax

Nt1
2 1D z exp~2m2 z dt2!4

For t 5 tLag 1 dt1 1 dt2 1 . . . dti,

log~Nt1! 5 log3Nt~i21!
1

Nmax

1 1 S Nmax

Nt~i 2 1! 2 1D z exp(2mi z dti)4 (8)

where tLag is the duration of the pseudomonad lag phase and
can be estimated from equation 7, N0 is the initial pseudo-
monad cell concentration, dti (i 5 1, 2, 3, etc.) is a short,
assuming constant temperature time interval, Nt i

is the cell
concentration of pseudomonads at a time interval dti, mi is the
maximum growth rate of pseudomonads at the temperature
during dti, that can be estimated from the Belehradek equation
(equation 2), and Nmax is the maximum cell concentration of
the pseudomonads. In addition, the 95% confidence intervals
of the predicted pseudomonad growth curve were estimated
based on the confidence intervals of the Belehradek plot re-
gression lines for lag phase and maximum growth rate (Fig. 2).
For example, the lower confidence interval of the predicted
curve was estimated using the upper confidence interval of the
lag phase and the lower confidence interval of the maximum
growth rate. The confidence intervals of the predicted curve
during the stationary phase were estimated based on the the
confidence limits of the Nmax calculated from the 23 replica-
tions.

Validation of the growth model under nonisothermal con-
ditions. In order to evaluate the suitability of the model to

predict the growth of pseudomonads under nonisothermal
conditions, the predicted growth curves derived from equation
8 were compared to observed growth data from five experi-
ments with gilt-head seabream at changing temperatures. The
growth of pseudomonads at temperature scenarios that con-
tained step temperature changes designed in the laboratory are
shown in Fig. 6 to 9. A real temperature profile derived from
the fish chilled chain is presented in Fig. 10. The latter profile
corresponds to packaging of the fish and storage in the industry
for 3 days. The fish were then transported to a distribution
center, repacked, and stored for 1 week. A satisfactory agree-
ment between predicted and observed growth for the profiles
presented in Fig. 6, 8, 9, and 10 was obtained, and the observed
growth data of pseudomonads were found to be within the
confidence limits of the prediction lines. In Fig. 7 the observed
datum points coincided with the lower confidence prediction

FIG. 5. Theoretical graphical representation of microbial lag duration under nonisothermal conditions based on equation 6.

FIG. 6. Observed (datum points) and predicted (solid line) growth
of pseudomonads on gilt-head seabream stored under nonisothermal
conditions (profile 1). The dotted lines represent the 95% confidence
limits of predicted growth.
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line, mainly due to the underprediction of the lag-phase dura-
tion. In order to indicate the performance of the model, bias
and accuracy factors were estimated for each temperature pro-
file by treating each datum point as a separate observation.
The observed time of each pseudomonad viable count was
compared to the time required by the bacteria to reach the
same population level, as predicted by the model. Although the
latter approach is quite different from the one used for iso-
thermal studies (39), it offers a useful index for the assessment
of the model performance under changing temperature condi-
tions (32). The bias and accuracy factors for all temperature
profiles tested in the present study ranged from 0.91 to 1.17
and from 1.11 to 1.17, respectively (Table 3), indicating that
there was a good agreement between predicted and observed
growth. Other studies on bacterial growth at fluctuating tem-
perature demonstrated that the bacteria were exposed to stress

after a temperature shift resulted in an additional lag phase (1,
48). For example, Baranyi (1) reported that a step temperature
change down to 3°C altered the physiological stage of B. ther-
mosphacta and that the model failed to predict growth. This is
not the case of the present study, where the model predicted
satisfactory growth even after a temperature shift down to 0°C.
These contradictory results could be due to the fact that the
reference studies (1, 48) were conducted using laboratory me-
dia and pure cultures. The high preincubation temperature (25
or 30°C) of the bacterial cultures used in such studies, as well
as the structure and composition of the growth medium may
influence the behavior of microorganisms after a shift to low
temperature (10, 13, 30). Indeed, temperature shifts close to
0°C did not cause any significant additional lag in the growth of
endogenous bacteria on other real food products (32, 43).

FIG. 7. Observed (datum points) and predicted (solid line) growth
of pseudomonads on gilt-head seabream stored under nonisothermal
conditions (profile 2). The dotted lines represent the 95% confidence
limits of predicted growth.

FIG. 8. Observed (datum points) and predicted (solid line) growth
of pseudomonads on gilt-head seabream stored under nonisothermal
conditions (profile 3). The dotted lines represent the 95% confidence
limits of predicted growth.

FIG. 9. Observed (datum points) and predicted (solid line) growth
of pseudomonads on gilt-head seabream stored under nonisothermal
conditions (profile 4). The dotted lines represent the 95% confidence
limits of predicted growth.

FIG. 10. Observed (datum points) and predicted (solid line) growth
of pseudomonads on gilt-head seabream stored under nonisothermal
conditions (profile 5). The dotted lines represent the 95% confidence
limits of predicted growth.
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Comparison between the shelf life observed and the shelf
life predicted based on the pseudomonad growth model. The
shelf life of fish can be predicted as the time required by the
specific spoilage organisms to multiply from the initial level to
a spoilage level (6, 20). In the present study, in order to eval-
uate the applicability of the pseudomonad growth model to
predict the shelf life of gilt-head seabream at fluctuating tem-
peratures, the time required by pseudomonads to reach 107

CFU/g estimated with equation 7 was compared to the ob-
served shelf life derived from the sensory analysis for each
temperature profile tested. In addition, 95% confidence limits
for the prediction of shelf life were estimated based on the
time required by the confidence limits of the predicted pseudo-
monad growth to reach 107 CFU/g. The results from the com-
parison are shown in Table 4. In four of five cases the differ-
ence between the observed and predicted shelf lives was ,11%
and in one case was 18%, while the average difference was
5.8%. The validation of the model showed that it is able to
describe satisfactorily the growth of pseudomonads under non-
isothermal conditions and to provide realistic shelf life predic-
tions.

The growth of spoilage bacteria on fish products has been
modeled in several studies (5, 20, 43). However, the available
data on the behavior of these bacteria on fish subjected to
temperature shifts within the lag and/or the exponential phase
of growth, as well as the extent to which this behavior is pre-
dictable, are limited. Specific attributes of population kinetics,
such as lag phase and growth rate, are difficult to predict under
such dynamic conditions and even more so in complicated
ecosystems such as that of a real food. Thus, any proposed

models must be combined with evidence illustrating the reli-
ability of predictions.

The extensive testing in dynamic conditions carried out in
the present study resulted in a well-validated spoilage model
for a specific product (gilt-head seabream) and provides the
potential user with sufficient information about the accuracy of
the model in predicting microbial growth and shelf life in real
world conditions.

Further work must be carried out on the development of a
user-friendly software which can make the application of the
model easier for people without detailed mathematical knowl-
edge. Although there are several software products available
that are related to microbial growth prediction (25, 33; P.
Dalgaard, personal communication), these cannot be applied
to the product tested in the present study (due to different
microorganisms or the absence of a lag-time model). Such a
software could be used as a practical tool in fish quality assur-
ance and improve significantly the distribution and marketing
in the fish industry.
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